Cerebral amyloid angiopathy (CAA), the deposition of cerebrovascular ␤-amyloid (A␤) in the walls of arterial vessels, has been implicated in hemorrhagic stroke and is present in most cases of Alzheimer disease. Previous studies of the progression of CAA in humans and animal models have been limited to the comparison of pathological tissue from different brains at single time points. Our objective was to visualize in real time the initiation and progression of CAA in Tg2576 mice by multiphoton microscopy through cranial windows. Affected vessels were labeled by methoxy-X04, a fluorescent dye that selectively binds cerebrovascular ␤-amyloid and plaques. With serial imaging sessions spaced at weekly intervals, we were able to observe the earliest appearance of CAA in leptomeningeal arteries as multifocal deposits of band-like A␤. Over subsequent imaging sessions, we were able to identify growth of these deposits (propagation), as well as appearance of new bands (additional initiation events). Statistical modeling of the data suggested that as the extent of CAA progressed in this vascular bed, there was increased prevalence of propagation over initiation. During the early phases of CAA development, the overall pathology burden progressed at a rate of 0.35% of total available vessel area per day (95% confidence interval, 0.3-0.4%). The consistent rate of disease progression implies that this model is amenable to investigations of therapeutic interventions.
Introduction
There is increasing recognition of cerebrovascular disease as a contributing factor to cognitive impairment and dementia (O'Brien et al., 2003; Greenberg et al., 2004) . Cerebral amyloid angiopathy (CAA) is the deposition of ␤-amyloid peptide (A␤) in cerebral arteries (and not veins), eventually resulting in smooth muscle cell death (Mandybur, 1975; Vinters, 1987; Vonsattel et al., 1991) . CAA is often found in the presence of lobar hemorrhages and cerebral infarcts and is believed to play a causative role in these lesions in many people (Okazaki et al., 1979; Mandybur, 1986; Olichney et al., 1995; Cadavid et al., 2000) . A␤, which is cleaved from the amyloid precursor protein (APP) and ranges from 39 to 43 amino acids long, is also a key component of the senile plaques characteristic of Alzheimer disease (AD). CAA may occur without evidence of AD, although it is more often associated with AD (Yamada, 2002) . There is no method for visualizing CAA in humans in vivo and therefore little opportunity for understanding when or how CAA pathology develops. As new imaging agents are developed based on ability to bind A␤ in the brain (Klunk et al., 2004) , it may become possible to have a presymptomatic measure of CAA pathology.
In the past decade, transgenic mouse models of brain A␤ deposition have played an important role in the understanding of AD. Through the overexpression of forms of APP carrying ADor CAA-linked mutations, sometimes in combination with mutations in presenilin-1, these animals generate high levels of A␤ peptides. These animals develop A␤ deposits in the form of plaques and represent a model of one component of the neuropathology of AD (Games et al., 1995; Hsiao et al., 1996) . In addition, many of these models develop CAA (Calhoun et al., 1999; Van Dorpe et al., 2000; Christie et al., 2001a; Kimchi et al., 2001) . As with the human disease, these murine models of CAA are age dependent (Domnitz et al., 2005) , and the accumulation of A␤ has deleterious effects including impaired reactivity (Iadecola et al., 1999; Niwa et al., 2000; Christie et al., 2001a) , microhemorrhages (Winkler et al., 2001; Fryer et al., 2003) , and loss of smooth muscle cells (Van Dorpe et al., 2000; Christie et al., 2001a; Winkler et al., 2001) .
Although most previous studies of CAA in murine models have focused on examination of histologic sections, that approach obscures the spatial relationship between different sites of A␤ deposition along the length of an individual vessel and the temporal progression of A␤ deposition over time. We recently began to address these issues through a study of fixed intact whole brains from transgenic mice, finding a consistent and stereotyped age-dependent spatial distribution of CAA (Domnitz et al., 2005) . The data presented below extend this mapping of the spatial and temporal progression of CAA through serial observations over several weeks of individual leptomeningeal arterial segments in living transgenic mice. By demonstrating that the rate of progression is a consistent feature in this mouse model, we establish it as a useful system in which to assess candidate treatments intended to prevent growth or promote clearance of A␤ deposits. With this method, we are also able to demonstrate that continued CAA progression occurs primarily through propagation of existing deposits, rather than through initiation of new deposits. This is a distinct pattern of kinetics, which is different from that describing accumulation of A␤ deposits in the form of plaques in these animals.
Materials and Methods
Animals and imaging methods. Tg2576 mice (Hsiao et al., 1996) between the ages of 8 and 16 months (n ϭ 12) had permanent cranial windows placed for serial in vivo imaging by multiphoton microscopy, with some modifications from previously described approaches (Lombardo et al., 2003) . After anesthesia was induced by Avertin (tribromoethanol) or isoflurane, the scalp was removed, and a 6 mm craniotomy was performed. The dura was left intact to minimize potential alterations of leptomeningeal vascular dynamics, and the craniotomy site was then covered with a glass coverslip attached with dental cement. This cranial window provided optical access to the underlying region of brain. Windows remained intact for many weeks, allowing repeated imaging sessions at weekly intervals.
Mice were imaged immediately after surgery and weekly thereafter. A␤ was visualized with methoxy-X04, a Congo red derivative that binds fibrillar A␤, administered via intraperitoneal injection the day before each imaging session (Klunk et al., 2002) . A Bio-Rad (Hercules, CA) 1024 MP microscope was used with a Ti:sapphire laser (Mai Tai; Spectra Physics, Mountain View, CA) at 750 nm for excitation. External photodetectors (Hamamatsu Photonics, Hamamatsu City, Japan) collected the blue fluorescent signal from bound methoxy-X04. Several 615.8 m 2 fields along leptomeningeal cerebral arteries were imaged at 20ϫ magnification (numerical aperture, 0.95; Olympus UMPlanFl; Olympus, Melville, NY) to a depth of ϳ200 m in 5 m steps. Maximum intensity projections of z-series were obtained using NIH ImageJ. All animal studies were approved by the Institutional Subcommittee on Research Animal Care.
Analysis of serial imaging results. Quantitative analysis of images was performed using ImageJ, Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA), and AutoDeblur 9.3 software packages. Autofluorescent signal from the dura was removed by deleting the uppermost slices of the z-series. CAA-affected vessels were then outlined and isolated from the background field, which was colored black. CAA deposits appeared as bright areas circumferential to the vessel. The outlined vessels were manually thresholded so that CAA-positive regions were set white and CAAnegative regions were set black. The number of white pixels was then counted using a noise reduction algorithm that counted only the number of pixels in white clusters composed of more than six contiguous pixels. The total number of pixels in the area of the vessel outline was also counted. The CAA burden was calculated as the percentage of the vessel area affected by CAA. The inter-rater reliability of this method was assessed by independent determinations of CAA burden on 30 fields and was found to be very high (intraclass correlation coefficient, 0.95). The vessel area from the initial imaging session was used for calculation of CAA burden because of the tendency for vessels to dilate in subsequent weeks. Additionally, vessel diameter was measured in ImageJ at three points along each vessel segment at each time point. The average diameter of each was taken from these three measurements.
New growth of CAA deposits was classified as occurring by either initiation or propagation. To determine how deposition occurred in serially imaged vessel segments, images from consecutive weeks were aligned in AutoDeblur 9.3 with minimal warping. Color overlays of the aligned images showed distinct areas of initiation where new growth was separated by at least one pixel from old deposits. The amount of growth by initiation was quantified by counting the number of pixels in these initiated deposits. Growth by propagation was taken as the difference between total new growth and growth by initiation. Statistical analysis. To assess the nature of disease progression, we considered various mixed-effects models of CAA burden as a function of time. We adjusted for correlation within mice and within vessel segments through inclusion of random effects for mice and segments in the linear model. In this modeling process, variability was assumed to originate on the basis of mouse-to-mouse variation (interanimal variation) as well as be influenced by location in the vascular tree (intra-animal variation), as suggested in previous studies (Domnitz et al., 2005) . In practice, this amounts to allowing for mouse-specific and vessel segment-specific intercepts in the linear model. We also analyzed the effects of gender and vessel segment diameter. We assessed goodness-of-fit of the models through examination of histograms of the residuals and selected the linear model as the best fitting model that best conforms to the normality assumptions of the mixed effects regression. To assess the relationship between propagation and initiation with respect to CAA progression, we modeled the log odds of percentage propagation as a linear function of time. Sparseness of the data precluded use of a mixed-effects model to account for potential correlation within vessel segment and within mouse.
Results
The placement of cranial windows onto the skulls of Tg2576 mice allowed us to observe the increasing burden of CAA in individual arterial segments with weekly in vivo imaging sessions over 2-7 weeks. Although some animals died during subsequent anesthesia exposures (a complication that was minimized with the introduction of isoflurane inhalation anesthesia), most mice could be imaged until tissue growth between the dura and the coverslip made it no longer possible to visualize the brain through the cranial window.
Our previous studies of the time course of leptomeningeal CAA in Tg2576 mice (Domnitz et al., 2005) indicated that CAA deposition typically begins by 9 months of age. We therefore began our observations with mice between 8 and 11 months of age. All mice of this age (n ϭ 6) displayed CAA growth in leptomeningeal arteries in the weeks after the initial imaging session (Fig. 1 A, B) . Similar changes were evident in older mice aged 12-16 months (n ϭ 6), with the additional observation that the rate of deposition slowed as the overall CAA burden in the vessel segments under study increased (Fig. 1C) . No convincing evidence of naturally occurring clearance of A␤ from CAA-affected arterial segments was observed. Although A␤ plaques were not the focus of these studies, plaque formation was noted in animals under study here; as has been reported previously, plaques were stable once formed (Christie et al., 2001b) . Progression of CAA over specific arterial segments was also well demonstrated with the generation of time lapse movies from serial images.
To rule out the effects of cranial window implantation on the kinetics of amyloid deposition, we examined the intact, postmortem brains after serial in vivo imaging. Figure 2 shows a representative example from a 15-month-old mouse after 6 weeks of chronic imaging after staining the entire brain with thioflavin S and imaging with multiphoton microscopy. An 8 mm circle indicates the position of the cranial window. No obvious qualitative differences were observed inside versus outside of the window. Quantitative analysis of CAA burden also revealed no differences in affected vessels in 12-month-old (37.2 Ϯ 4.96 vs 39.3% Ϯ 3.48; n ϭ 21 vessel segments, 4 mice; mean Ϯ SE; p ϭ 0.397) or 15-month-old (57.6 Ϯ 3.08 vs 62.2% Ϯ 4.49; n ϭ 18 vessel segments, 4 mice; mean Ϯ SE; p ϭ 0.726) animals in diameter-matched vessels. We also examined the possible influence of both brain trauma caused by surgery or repeated injections of the amyloid labeling contrast agent methoxy-XO4 on amyloid deposition kinetics by comparing the initial rates of CAA progression with final rates of CAA progression within animals during serial imaging sessions. We found that the progression rate after the initial imaging (0.358) was not significantly different from what it was at the initial imaging pair (0.359; p ϭ 0.65). Also, the progression rate 16 or more days after the initial injection of methoxy-XO4 (0.354) was not significantly different from what it was at the initial injection (0.359; p ϭ 0.19). Therefore, the cranial window technique and repeated administration of methoxy-XO4 does not affect the kinetics of CAA progression, and the imaged vessels within the cranial window area are representative of all surface vessels in this mouse model.
To further characterize the progression of CAA, serial images from individual vessel lengths were overlaid digitally to identify new vascular A␤ at each time point (Fig. 3) . These color-coded images indicated that most CAA growth occurs by propagation from existing deposits. The percentage of the total growth to occur by propagation as opposed to initiation of new foci of CAA was measured for all vessel segments that could be overlaid with minimal warping (n ϭ 45). Comparisons were made of vessel segments at weekly intervals and quantitative data plotted as a function of the CAA burden on the first week of the pair (Fig. 4) . As the severity of CAA increased, the amount of new disease that developed through initiation of new foci of CAA diminished from ϳ50 to Ͻ10% ( p Ͻ 0.001 for the increase in log odds of percentage propagation with increasing CAA burden). Neither gender nor vessel segment diameter was significantly predictive of propagation after adjusting for CAA burden.
We used our data to plot the kinetics of CAA progression (Fig. 5) . Examination of the graphed quantitative data across the full population of mice in this study revealed several characteristics of the process of CAA development and progression. First, the process showed an approximately sigmoid shape, with a "lag" period as the animals reached the threshold age at which CAA first becomes evident (ϳ8 -10 months). Second, the process eventually saturated in mice older than 16 months, in which the CAA burden reached upwards of 75% of available vasculature. Ex vivo images from Tg2576 mice older than 20 months demonstrate near complete involvement of leptomeningeal vessels (Domnitz et al., 2005) , so it can be assumed there is a constant, slow increase in CAA burden for animals beyond the maximum age imaged in the current study.
Despite the suggestion of a sigmoidal or logistic shape to the CAA progression curve, we found that a simple linear mixedeffects model best fit the data and conformed to the normality assumptions over a broad age range (9 -16 months of age) (line fit in Fig. 5 ). When the data were analyzed in this manner, the rate of CAA progression was 0.35% of available area per day (95% confidence interval, 0.3-0.4%), which corresponds to 2.45% per week. The baseline diameter of the vessel segment was indepen- Figure 1 . Serial in vivo imaging reveals progression of vascular amyloid pathology. Three representative sets of images that demonstrate the kinetics of amyloid deposition are shown. A1-A6, A Tg2576 mouse (starting at 10.3 months of age) was imaged with multiphoton microscopy, using systemically administered methoxy-XO4 to label all of the congophilic amyloid deposits (white pseudocolor). An angiogram was imaged at the first session using Texas Red dextran (70 kDa) injected in a tail vein and overlaid with each session (red pseudocolor) to delineate the vasculature. No amyloid deposits were detected in the first imaging session (A1), but new deposits were initiated within 2 weeks (A2). Subsequent growth (A3-A6 ) occurs mostly through propagation from these deposits. B1-B3, Serial imaging of a 9.7-month-old mouse revealed growth by propagation from existing nodes of CAA, as well as the appearance of a plaque underneath the CAA-affected vessel in the third week. C1-C3, An older (16-month-old) mouse was imaged over a 3 week period. No discernable growth of CAA was seen in these severely affected vessels. Scale bars: (in A1) A1-A6, 100 m; (in B1) B1-B3, 200 m; (in C1) C1-C3, 200 m. dently predictive ( p ϭ 0.041), with CAA burden being 5.1% larger for vessel segments with diameters Ͼ44.2 m (the median diameter across all segments). Gender was not significantly predictive of CAA burden. Based on our mixed-effects model that adjusted properly for repeated measurements, we found that gender did not significantly modify either the intercept of CAA burden (i.e., the baseline level) ( p ϭ 0.225) or the slope of CAA burden (i.e., the progression rate) ( p ϭ 0.213; n ϭ 5 female and 7 male mice).
The observed variability inherent in the animal-by-animal analysis of CAA progression shown in Figure 5 arises from both differences between animals (when each mouse enters into the progressive phase of CAA growth) and differences between vessel segments within animals. Based on our model, the proportion of the overall variability explained by segment-to-segment variation within mice is ϳ48%. An additional 35% of the variability is explained by mouse-to-mouse variation, with measurement error or other unmeasured biologic variation accounting for the remaining 17%. Several examples of vessels with negative slopes can be observed in Figure 5 , suggesting a natural clearance of CAA over time. However, careful examination of the images suggests that these negative slopes are indicative of the measurement error and not a definitive demonstration of CAA clearance.
Discussion
With this work, we have extended our observations of CAA deposition in a mouse model by continuing to study vascular amyloid in whole-brain surface areas rather than the single vessel profiles seen in histologic sections. The advantage of this approach is the ability to understand progression over long, contiguous vascular segments (up to several millimeters in length). These studies demonstrated that the combination of a stable cranial window for visualization of surface vasculature and methoxy-X04 allows us to follow the progression of CAA in individual vessels in living animals over time.
With serial observation of CAA burden in given vessel segments, we were able to determine that increasing A␤ deposits in arterial walls occurs primarily by propagation from existing deposits, with only the least-affected population of vessels showing an approximately even balance of propagation and new initiation. This finding is consistent with current theories of A␤ aggregation as a seeded process, in which fibril growth occurs at a faster rate than new initiation (Jarrett and Lansbury, 1993 overestimated the rate in propagation. This could have occurred if foci of new initiation occurring close to an existing deposit then propagated and reached confluence with the previous deposits during the interval between imaging sessions. These observations are in agreement with the indirect measures from a previous study of histologic sections of human tissue with CAA. It was found that there was increased A␤40 per affected cortical vessel (rather than increasing numbers of affected vessels) with advancing disease severity (Alonzo et al., 1998) , supporting a model of propagation of existing deposits. The data are also consistent with inferences from observation of CAA patterns in transgenic mice of a range of ages (Domnitz et al., 2005) . Nonetheless, these kinetics of deposition will allow us to differentiate genetic or pharmacologic interventions that target initiation, propagation, or even clearance.
The relative balance between initiation of new CAA foci and growth by continued propagation should be contrasted with the pattern observed in the same mouse model of A␤ deposition as related to plaque formation. Similar longitudinal imaging studies have shown that plaques appear over a short time interval, assume their "mature" size quickly, and are then stable (Christie et al., 2001b) . The increasing burden of A␤ deposition over time represents an increase in number of plaques without an everincreasing size of individual plaques. Whether there are characteristic features of the blood vessel wall and neuropil that provide the basis for this difference and whether it represents a difference in the composition of these types of deposits or a combination of these factors with others remains to be determined.
CAA is well recognized as a risk factor for lobar hemorrhage in humans (Vinters, 1987; Vonsattel et al., 1991) and can also lead to hemorrhages in mouse models of A␤ deposition, including the Tg2576 model (Winkler et al., 2001 (Winkler et al., , 2002 Pfeifer et al., 2002; Lee et al., 2003 Lee et al., , 2005 . We did not observe evidence of hemorrhage in the animals examined in this study, however. Most of the animals examined here were younger than those more likely to develop spontaneous hemorrhages. Additionally, these experiments focused on the leptomeningeal vessels, and it remains possible that small hemorrhages were present within these brains, although there was no external evidence of this.
Our quantitative measures and data analysis allowed us to determine that the average rate of progression of CAA was ϳ0.35% of total available vessel area per day. The predictability of this measurement despite the observed differences between animals, as reflected in the small p value associated with this result, indicates that this measurement is amenable to further quantitative investigation, such as examination for effects of therapeutic intervention of CAA progression. The evident differences across animals in terms of the exact timing of the onset of CAA is comparable with that observed in various transgenic models of A␤ deposition when examined through the lens of plaque formation (Hsiao et al., 1996; Irizarry et al., 1997; Takeuchi et al., 2000) .
The ability to measure vascular A␤ deposition in living mice offers the possibility of addressing a series of questions concerning the biology of CAA and its potential modification by candidate therapies. It remains to be determined, for example, whether treatments that inhibit production of new A␤ will block initiation of new foci of CAA, reduce propagation of existing vascular foci, or even allow clearance of the existing foci. Similar questions remain regarding treatment strategies for enhancing clearance of A␤ such as immune-based therapies (Schenk et al., 1999; Bacskai et al., 2001 ). An additional consideration for such treatments is whether clearing A␤ from brain parenchyma could actually increase the amount of A␤ available for vascular deposition via perivascular clearance pathways (Weller et al., 1998; Preston et al., 2003) . Studies performed to date suggest that the overall effects on CAA of immune-based therapies may be complex. CAA burdens appear essentially unaffected by immune therapy protocols that are effective at clearance of A␤ from the brain parenchyma . In fact, there have been suggestions that these therapies may result in an increased risk of hemorrhage (Pfeifer et al., 2002; Racke et al., 2005) or inflammation-related vascular dysfunction (Greenberg et al., 2003) . Whether these potentially deleterious processes are associated with localized clearance of A␤ from a CAA-affected vessel segment leading to structural weakness in an injured vessel or with increased CAA deposition and acceleration of vascular injury is uncertain. Further exploitation of the model and approach described here should be able to address these questions directly and will likely have substantial implications for therapeutic approaches to Alzheimer disease and CAA. Thus, we have been able to demonstrate that there is a consistent and predictable progression of CAA in this mouse model. Although growth of CAA by the initiation of new deposits is a common event during early stages of the disease, there is a relatively rapid shift toward growth by accretion through propagation. In addition, this report demonstrates that the progression of CAA in mouse models of A␤ deposition in surface vasculature occurs at a rate that can be measured accurately and shows moderate consistency across animals and regions of the vascular bed. These observations will allow evaluation of anti-A␤ therapeutics on prevention or removal of CAA in an informative manner.
